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An alUijiorganlc oxo-bridged dimangaaese-containliig 
sUicotungstate, rSlWio(Mn°i(OHi))iOjd*-, ehoweU the 
highest turnover Dumber of 7&9 among various metal- 
sub$tltuted sllicotungstmes for the oxygenation of cyclohex- 
ane with 1 atm molecular oxygeu; this is the highest level 
when compared with other catalysts reported bo far. 

Catalytic oxygwwtion of alkaacs has rUtracteil inuch attention. 
The utilization of molecular oxygen for oatalytie oxygenptton ia 
n rewaixling goal because among oxidnntB molecular oxygen has 
the highest content of active oxygen and forma no by- 
products.'-"^ Reducing reagents or radical initiators have been 
ndded for in an attempt to facilitate i-eaction lowering the 
reaction temperatuie and rc^iiiliing in the supprcBsion of 
overoxidation of oxygenated products.*-*^ However* there are 
Oiily a few eTUunples of ideal hcmogencous oxyger^ion 
systems for alkanes with molecular oxygen in the absence of 
vctlucing reagents or raUicii] initiators because of catalyst 
deactivation and difficulty of C-H bond/oxygen activation.'-** 
The oxidation of cyclohexane has been industrialized by using 
a cobalt catalyst with pressurized molecular oxygen above 423 
K, low conversions, however, arc a drawback in suppressing 
overoxldation of the products. 3-23.20 n clparly desU\ible if 
oxygenation can be carried out with higher turnover mirnbers 
under milder conditions. FeCDPA) (DPA 2,6-dicafboxyl- 
atO[»yddme), K[Ru^ff(6a\0|>h)Cl3] [wlopJi = AW-(?-pLciiyl- 
enebis(salicyIideneaminato)] PW9037(Fe3„;rNij(OAc)3}(3'-^)- 
(x) = predominantly 1) and Y"SiWHi{Fc»"(OH2))a05s*" are 
examples of catalysts for cyclohexane oxygenation whh 1 atm 
rnolcciilar oxygen, ^^-i^'^oj Cobalt-contn'ning alvminophoa- 
phate and [Co(NCMe)4KPF6h have also been reported to be 
Hctive for oxygenation or cyclohexane with pressurized molec- 
ular oxygen.21-24 However, the turnover numbers are low at 
<180. 

Little is known Of the su'ucturea of the active manganese 
centers for the oxygenation of cyclohexane with molecular 
oxygen. Here, we report that the oxo-bridged dimanftiuiese- 
containing silicotnngsiate, v-SiWio{Mn'"(OH3))a03g*-» cnn 
efHciently cauilyze the oxygenation of cyclohexane with i atm 
molecular oxygen, 

Cyclohexane was distilled and treated with activated olununa 
to remove irnpurities and cyclohexyl Jiyilropci^ide. The other 
reagents were conunercially obtained and used as received. The 
reliction was carried out iu a glass visl coiitabing a rnagnctlc stir 
bar as described previously.^^ The reaction solution was 
periodically sampled and analyzed by gas chromatography on 
TC-WAX capillary columns. The oxldariou of cycloliexane did 
not proceed without catalyst uuder the present coitditionsr 

C^lohexanol and cyclohexanone were mainly fcMrmed after 
an induction period for the catalytic oxygenation of cyclohcx- 
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ane with 1 atm molecular 0;tygen catalyzed by y-SiWio- 
{Mn"'(OHj)}2038^- at 565 K. Only small amounts of dicydo- 
hfc.wl (uid cyclohcxyl bydroperoxide were observed ard neither 
ecids, oxoB^ters nor caibon oxides were observed. The 
selectivities changed little with time. The conversion was 6A%y 
and die turnover number of 7-SiWio{Mn"'(OHa)}i0^ft'^^ 
reached 789 after 96 h, much higher than values repotted for 
the oxygenation of cyclohexane catalyzed by Fe(DPA)/Oi(l 
aim),H K[Ru(5alopb)ai]/03 (I atm),ti y-SiWur 
{Fen[(0H2)}2O3««-/O2 (1 atm),20 [Co(NCMe)4KPF<s)2/02 (3 
atm)^' or cobalt-containing aluminophoBphatc/Cb (15 atra).23 
In addition, the value was higher than those of 130, 90, 5 
and 3 reponed for Mn(acac)2/NHPJ (NHPK = N-hydroxy- 
phth3limide),n CoCacacVNHPJ," [(Fe(HBpz3)(hfacac)}20]- 
/Zn (HBpZj - hydfotfi5(l-pyra2olyl)bOfate, hfhcac = 

I, 5,5j5-hexanuoroacetylflcetone)2« and [RiMn(R.rtACN)P*/ 
TBHP (R^TACN - tri6-Ar.(4A5,5,6,0,7.7,8,8,9,9. 10,1 0,11. - 

II, ll"hq)tadecafluoroupdecyO-l,4,7-triazacyiononane; Kr = 
CsPj?)'^ sysiemg, respectively^, which work in the pjesenc<; of 
reditcing reagents or radical initiators with 1 atm molecular 
oxygen. 

The oxygenation of cyclohexsne with 1 atm molecular 
oxygen ijroceeded caialyiically even at 305 K,§ whiliit nu 
oxygenation wa.^ observed for y-SiWio{Fef^(OH3)}3<>3n*- at 
the same temperature. Xr has been reported that the coj^imercinl 
catBlyst. Co(oct)2 (oct ~ 2-elhyIhcxyl octanoatc), was inactive 
at 348 K with 3 atiu molecular oxygen.** All these resnilts 
demonstrate that Y-SiWi(,{Mn^rr(OH2)}303,«*- can catalyze the 
selective oxygenation of cyclohexane with high nimover 
number and under mild conditions. 

Table I compares turnover omnberg for cyclohexmie Oxy- 
gcnstion with molecular oxygen catalyzed by manganese- 
Sub&lituted siliCOtuiigSt^itcs, TIlC tmnover puinbers fur man- 
g^nes^ubstitiited silicotimgstates decreased in the order 
V-SiW,o{Mn»"(OH2)}203«6- > Of-SiWufMniufOHj)}©!^- 
> 0f-SiW9{Mni»i(OH2))3O,7'- " a-SiWiaO^n*- » 0. No 
oxygenation proceeded "for y-SiWio{MM'i(OH2)}203/~ i" 
which the oxidation state of manganese is +2. In addition} 
among /n<7no-imn$ition metals abstitu ted $ilicotungstate$, or- 
SiWn{M'^(OIl3)}039(«-»^>- (M = Mn^', Fc>^; Dj^^X ihe 
order of mmover numbers was Mn*+ > Fo^-^ > Cu^-^. These 
facts show that mangauese is an effective element for catalysis 
and that a dlmanganese she with the oxidation state of +3 is the 
most effective for the o^cygcnatlon of cydohe^tanc with 
molecular oxygen. 

Small amounts of dicyclohcxyl, which is formed by the 
reaction of two cyclobexyl radicals, and cyclohexyl hydro- 
peroxide were observed. The adidition of an alkyl-radical 
scavenger, />-^«i/'/-butyJcatechol. led to complete inhibitioa. 
These facts suggest that the reaction inchidcs a radical-chain 
mechanism. Fuitiier mechanistic work is in progress. 

We acknowledge Dr C- Noz^iki for the preliminiiTy experi- 
ments of this work. This work waa supported hi part by a Giant- 
tn-Aid for Scientific Research from ttie Ministry of Education, 
Science-, Sports and Culture of Japan. 
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Stlectlvity i%) 



Catalyst 



Tumovef 



Cyclohexyl 



[nt-SrWi ] {Mn"'(OH7)}aj,]5- 

{Y-SiW,fl(Mn"'(0Hj)}^5f- 

{Y-SiW,fliMo"(OHj))iOjft]»- 

[n(-5iWytMn"'{OII,l},Oi7r- 

[Y-SiW,o(F«'"<OH2j}30,«J*-'' 

[Y-SiW,o{Cii»(OH2))i03.]«- 



0 
2W 
789 

0 

0 
135 

0 



0,0 
2A 
6.4 
0.0 
0.0 
1.1 
0,0 



57 
51 



53 



41 
4S 



47 



Trnw 



" RetK-tU/n coniiiticnx\ cntilyat^ 1.5 |imol; wlvcnt* l.Z-CiH^Clj {1.5 ml^-ftCctonitriEc (O.I mL); cyclohflxaiie, 18.5 mmol; /XOj), 1 alin; rtftclion iimc« 96 h. 
* Mol of products/rnol of catalysts uacd. 'Mol ofprodiiciB/niwl of cydohaxane used *'Cll«d Trom lef, 20. 



Notes and references 

t Tha turnover numbere fQrFe(DPA>, K[Rn'ii(saJoph)Cb]. PWoOjt{Pps.x- 
NL(0AC)3 «nil Y-3iWio{Fc"^(OHi»20j8*-, cobalt-conlaimng alu- 
ininophcttphatc and [Co(NCMc)4]6'F4)j catatysts wciie 0.2 (reaction 
temperature, 295 K), 18 C29S-3 1 8 K). 3 (356 K). 1 55 (35<S K), l67 <403 K) 
and 160 (M8 K), rtfipccUvely. 

i^The selectivity to cyclohcxAjKmc and tuinovcr number tor y-SiWiit 
{Mn'"<0Hz)},O:,/^ catalyji were 100% and 3, T«3pwUvtiy» »fl«r 96 h. 
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